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ABSTRACT

Epitranscriptomic modifications of stable RNAs are dynamically regulated and specific profiles of 2'-
O-methylation in rRNA have been associated with distinct cancer types. However, these observations
pointed out the existence of at least two distinct groups: a rather large group with constitutive rRNA Nm
residues exhibiting a stable level of methylation and a more restricted set of variable modifications,
giving rise to the concept of ‘specialized ribosomes’. These heterogeneous ribosomes can modulate
their translational properties and be key regulatory players, depending on the physiological state of the
cell. However, these conclusions were drawn from a limited set of explored human cell lines or tissues,
mostly related to cancer cells of the same type. Here, we report a comprehensive analysis of human
rRNA Nm modification variability observed for >15 human cell lines grown in different media and
conditions. Our data demonstrate that human Nm sites can be classified into four groups, depending on
their observed variability. About %3 of rRNA 2'-O-methylations are almost invariably modified at the
same level in all tested samples (stable modifications), the second group of relatively invariant modifica-
tions (another % of the total) showing a slightly higher variance (low variable group) and two variable
groups, showing an important heterogeneity. Mapping of these four classes on the human ribosome 3D
structure shows that stably modified positions are preferentially located in the important ribosome
functional sites, while variable and highly variable residues are mostly distributed to the ribosome
periphery. Possible relationships of such stable and variable modifications to the ribosome functions are
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discussed.

Introduction

Eukaryotic ribosomal RNA (rRNA) contains a high number
of post-transcriptional RNA modifications installed by both
stand-alone protein enzymes (mostly for base modifications)
and snoRNA-guided machinery (C/D- and H/ACA-box
snoRNPs) for 2'-O-methylations (Nm) and pseudouridine
residues (), respectively. The updated list for validated
human rRNA modifications reports at least 226 potentially
modified positions, including 12 base modifications, 110 Nm
and 107 y (3 residues (28S-ym3797, 185-ym1326 and hyper-
modified 18S-m'acp®y1248) are counted twice for both pseu-
douridine and base/ribose modification [1,2]. In contrast to
yeast 55 rRNA, which contains one modified residue (y50), its
human counterpart was reported to be unmodified, while
other human rRNA species contain 4, 90 and 132 modified
sites, for 5.8S, 18S and 28S rRNA, respectively. This list may
still evolve, since potential modification target, which is
undermodified (or not modified at all) in the analysed
sample(s), may still escape identification. Several previously
reported human rRNA modification sites [3,4] were not
further confirmed by more recent studies [5-8], but one
cannot formally exclude their existence in particular cell
types or under specific growth/stress conditions.

This viewpoint matches well with several studies reporting
variability of rRNA modifications in human cells and tissues.

Both base and Nm/y residues seem to be dynamically regu-
lated and to respond to external and internal stimuli, as well
as to abnormal physiological state (or disease). Such dynamic
variability gave rise to the concept of ‘specialized ribosomes’
which are able to re-program their translational activity as
a part of an adaptive response to stress or various treatments
[9-11]. Indeed, substantial, but non-lethal, depletion of
Fibrillarin (Fib), the catalytic component of the C/D-box
snoRNPs ensuring Nm formation in rRNA, led to
a differential decrease of Nm levels at different rRNA sites,
the 18S rRNA 2’-O-methylations levels were relatively stable,
while many 2'-O-methylations present in 28S rRNA were
strongly affected [6,7]. A parallel analysis was performed for
HeLa and HCT116 cells and, with slight variations, concor-
dant data have been obtained for both cell types. Fib depletion
was found to reduce cap-dependent mRNA translation and
increase IRES-driven translation initiation [6]. However,
despite this correlation, the exact role of individual modified
residues in rRNA remains obscure.

The existence of incompletely modified rRNA residues in
different cell lines also opens a possible way for the regulation
of ribosome properties in translation. It is noteworthy to
mention that since no active de-modification mechanisms
were described for both Nm and y residues in rRNA, the
transition of incompletely modified rRNA to a modified state
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may be relatively rapid and essentially dependent on the
cellular localization of the corresponding enzymatic machin-
ery and the accessibility of the rRNA substrate. In contrast, in
the absence of active de-modification, the decrease of the
modification level can only be insured by a slow and progres-
sive replacement of fully modified rRNA by a newly synthe-
tized partially modified (or unmodified) counterpart.

Other evidences for modulation of rRNA modification
come from the analysis of rRNA modification profiles in
stress and disease (for review [12]). A wealth of reports
suggests that both C/D- and H/ACA-box snoRNA levels
vary in disease (mostly in different cancers, for review [13])
and these snoRNAs can even be considered as reliable bio-
markers [14-16]. Despite these findings, such variations were
only rarely related to trackable changes in rRNA modification
level. However, the experimental evidence for such direct
correlation of rRNA modification and the expression of the
corresponding snoRNA has been obtained for 18S-Uml1le6,
which modulates proliferation of myeloid leukaemia cells
and is SNORD42A-dependent [17]. Other cancer-related
rRNA Nm are 285-Cm2848/285-Cm2863, catalysed by
SNORD50 [18], the expression of which varies in diverse
cancer types, including colon and prostate cancers, breast
carcinoma and B-cell lymphoma (for review see [13]).
Finally, reduced methylation levels at 185-Cm1703 and 18S-
Gm1328 (regulated by SNORD43 and SNORD32A, respec-
tively) were associated with impaired clonogenic growth and
depletion of SNORD43 resulted in a reduction of cell size and
protein synthesis [19]. Re-programming of Nm modifications
in rRNA was observed in hypoxia, and, as noticed for Fib
depletion, is also associated with an increased IRES-
dependent translation. Hypoxia was shown to induce
a complex modulation of rRNA Nm content with a reduced
methylation at 185-Um1804, 28S-Am389, 285-Gm1612, 28S-
Cm2848, 285-Gm4506, while an increased methylation was
found at 285-Am1858 and 28S-Cm4426 [20]. The phospho-
protein Nucleophosmin (NPM1) was identified to bind
directly C/D-box snoRNAs and thus to be a key regulator of
rRNA Nm content and translation modulator [21]. Five Nm
residues (28S-Cm1327, 28S-Am3764, 28S-Cm3866, 28S-
Um3904 and 28S5-Gm4198) were significantly decreased
upon NPM1 deficiency. In many instances, only relative mea-
surements of Nm level were performed by semi-quantitative
qPCR-based RTL-P approach [22,23], making comparison
and assessment of real rRNA methylation level rather difficult
and uncertain.

With the development of different versions of
RiboMethSeq  [8,24,25], see [23] for a review,
a comprehensive profiling of variably modified rRNA Nm
residues become possible, but was systematically performed
only for some model human cell lines (e.g. HeLa/HCT116
cells) [5] as well as in two different cancer models: breast
cancer tissues and B-cell lymphoma [26,27]. The latter study
revealed pronounced hypomethylation of some rRNA Nm
sites (namely 185-Um354, 18S-Cm1440 and 28S-Gm4593). It
is important to note that the list of the most variable positions
seems to be cancer type-dependent.

Despite these findings related to disease or intentional
depletion of the core components of the rRNA modification
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machinery, an intriguing area in the field is the ‘natural’
variability of human rRNA modification under normal phy-
siological conditions.

The aim of our study was to broaden current knowledge of
human Nm residues linked to their methylation status and
their positioning in the 3D ribosome structure. Therefore, we
investigated a compilation of RiboMethSeq data for >60 sam-
ples originating from various human cell lines cultivated
under ‘standard’ lab growth conditions. Our data suggest
that human Nm sites can be classified into four broad groups:
stable, low variable, variable and highly variable. Since a high-
resolution structure for human ribosome is now available,
these groups were mapped to the ribosome 3D structure and
proximity with functionally important ribosome sites was
evaluated. This mapping shows that, except 28S-Am3739
located in immediate proximity of the decoding centre
(DC), the most variable Nm sites are located relatively far
away from the peptidyl-transferase (PTC) and decoding cen-
tres (DC) and are well accessible at the ribosome surface.

Results
RiboMethSeq profiling of Nm sites in rRNA

RiboMethSeq analysis pipeline dedicated to mapping and
quantification of Nm residues in RNA is based on partial
alkaline hydrolysis, followed by adapter ligation to RNA frag-
ments, sequencing and bioinformatic analysis. Since ribose
methylation protects 3’-adjacent phosphodiester bond from
nucleophilic attack by OH™, RNA fragments ending with 3'-
Nm and starting at the nucleotide N + 1 are underrepresented
in the sequenced pool, creating a characteristic gap in 5'/3'-
ends profile. The depth of the gap is proportional to the
methylation level at the Nm site, allowing precise quantifica-
tion. The initial version of RiboMethSeq used proprietary
ligation protocol [24], but other versions of the approach
were adapted for standard adapter ligation and further
coupled to Illumina sequencing [8,25]. Due to ‘negative’
mode of modification detection (protection against cleavage
at a given site compared to the environment) all RiboMethSeq
protocols require rather substantial depth in sequencing cov-
erage, and thus are mostly adapted to the analysis of highly
abundant (or at least enriched) RNA species [5,6,28-30].

Selection of samples for analysis

In this work, we present a comparative analysis of rRNA Nm
levels observed in different human cell lines. Over 100 sam-
ples were initially included in the screening. Since different
series were prepared by different persons (or even by different
research teams), and different time periods, we first per-
formed rigorous selection of samples showing similar degra-
dation level (as judged from Bioanalyzer capillary
electrophoresis profiles and RIN number, see Supplementary
Table S1 and Figure S1) and, even more importantly, con-
cordant cleavage profiles (Supplementary Figure S2AB).
Degraded RNA samples were avoided, since it was already
noticed that partial RNA degradation affects the precision of
RiboMethSeq quantification. In addition, inspection of
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correlation for cleavage profiles allowed to exclude non-
concordant samples. Representative examples of good and
bad correlation of the cleavage profiles are shown in Figure
S2AB. When samples demonstrated non-concordant cleavage
profile with other datasets for the same cell line, those were
systematically excluded. While the exact origin of such incon-
sistent RNA cleavage profile remains unclear, it is plausible
that it may be related to partial RNA unfolding due to
contaminants.

Variability of human rRNA 2’-O-methylations (Nm)

Analysis of 2'-O-methylation profiles was performed for
a large dataset of human total RNA samples obtained for
>100 samples extracted from ~20 human cell lines. The cover-
age and correlation of raw reads for all available datasets were
inspected by rRNA type (Supplementary Figure S3) and only
samples showing sufficient coverage (typically >1000 reads’
extremities/rRNA position) and a good correlation coefficient
were retained (see Materials and Methods for further details).
The final list of retained samples included 62 RiboMethSeq
datasets for multiple biological replicates of 16 cell lines: HeLa
(and HeLa S3 as well), HEK293, HCT116 (£ p53), Jurkat T,
HMEC, HUVEC cells, as well as human fibroblasts, chondro-
cytes, and stem cells from bone marrow and Wharton jelly.
We also included other well characterized cancer cell lines
(MDA-MB-231, T47D, BT20 and MCF7) (See Supplementary
Table S1 for more details). For a number of cell lines, biolo-
gical replicates were prepared independently, by different labs
or in different time periods, those are labelled as series (see
Table S1). Calculation of RiboMethSeq MethScore (previously

called ScoreC2 [25,31]) was done using the standard calcula-
tion pipeline, with +2 nt neighbouring interval. A MethScore
was calculated for all known positions of 2'-O-methylation
(see Supplementary Table S2 for a comprehensive list of
analysed Nm sites)

A variance analysis across all tested samples demonstrated
that all 2’-O-methylated sites in human rRNA can be grouped
in 4 distinct classes, depending on their observed variability
(Figure 1 and Figure 2, see Figure S4 for a full heatmap and
Figure S5 for positions ordered according to rRNA number-
ing). The first class (called here stable modifications, 38 Nm
positions in total, 1 in 5.8S rRNA, 17 in 18S rRNA and 20 in
28S rRNA) shows an extremely low variability in their methy-
lation levels, variance <0.001 (s.d. <0.03) (Figure 2A), this
threshold of variability was selected since it is inferior to the
measurement’s precision observed between technical repli-
cates in RiboMethSeq [25]. The second group (called here
low variable modifications, is composed of 54 Nm positions,
1in 5.8S rRNA, 18 in 18S rRNA and 35 in 28S rRNA) displays
a higher variability, with variance comprised between 0.001
and 0.01 (and thus 0.03 < s.d.< 0.1) (Figure 2B) and the
variable group is composed of two distinct sub-classes: 14
variable positions (4 in 18S rRNA and 10 in 28S rRNA) and
4 highly variable residues (185-Gm867, 18S-Gm1447, 28S-
Cm1327 and 28S-Cm2352) with a variance exceeding 0.05
(s.d. of 0.2-0.3) (Figure 2C). As it was already reported in
previous studies, the methylation level for stably modified Nm
positions is relatively high (35/38 with MethScore >0.9), while
low variable positions show a lower modification level (e.g.
285-Am3846 and 28S-Am1310). For variable and highly vari-
able Nm positions the average methylation level ranges from
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Figure 1. Heatmap for variable and highly variable Nm positions in human rRNA. Differential heatmap shows MethScore values row-normalized to the average value
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almost zero (185-Cm1440) to 0.9 (28S-Cm2791) with the
majority (15/18) with a methylation level > 0.5. Of note, Nm
positions guided by the same C/D-box snoRNA, may display
differential variability (e.g. 28S5-Cm2338 and 28S-Cm2352
guided by snoRD24 belong to low and highly variable groups,
respectively). This may be related to the differential activity of
Fib/snoRNP complex at different rRNA sites, and thus varia-
tions of snoRNA expression may differentially affect Nm level.

Using this large human rRNA RiboMethSeq dataset, we
calculated a correlation value of MethScore across all available
samples. As anticipated, multiple Nm residues (52/110) show
a mutual positive correlation (Figure 3 and Figure S6, shown in
blue), and thus vary in the same direction, this is likely related to
a coordinated regulation of C/D-box snoRNA expression or
natural variations of Fib expression, which would affect a subset-
(s) of sites in a coordinated manner. Noteworthy, positively
correlated Nm positions form 4-5 distinct groups (see
Figure 3 and Figure S6). In contrast, few modified positions
showed negative correlation with the others, their methylation

level varies in an opposite direction to the others (Figure 3,
shown in red, group Al). This is the case for 14 positions (4 in
18S and 10 in 28S rRNA) (185-Uml72, 185-Cml174, 18S
-Gm436, 185-Am576 and 28S-Am1310, 285-Cm1327, 28S
-Cm1868, 285-Am2774, 285-Cm2791, 285-Cm2848, 28S
—-Gm?2863, 285-Am3846, 285-Um4468, 285-Gm4607), these
opposite variations may represent an adaptive mechanism(s)
intended to functionally compensate the Nm loss at some
other important/functional rRNA sites. Remarkably, many of
these anti-correlated rRNA Nm positions mostly belong to
variable and highly variable groups and are located in
a relative proximity one to another in the sequence of 18S and
28S rRNAs (see below for 3D mapping, Figure S7).

Locations of variable Nm in the 3D ribosome structure

In order to appreciate spatial locations of rather constant
(stable/low variable) and variable (or highly variable) rRNA
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Figure 3. Correlation heatmap for MethScores of all Nm residues across all 62 analysed samples. Positive correlation (variations in the same direction) is shown by
blue colours, negative correlation (variations in the opposite directions) is in red. The intensity of the colour represents the level of correlation coefficient. Residues of

the negatively correlated group (group A1) are highlighted in red.

modifications and their proximity to important ribosome
functional sites, those residues have been mapped to the 3D
ribosome structure obtained by X-ray crystallography and
CryoEM (PDB 6EKO was used for visualization). The 3D
maps of Nm rRNA modification variability are presented on
Figure 4. Position of each individual sphere representing
a modified residue corresponds to the geometric centre of

the modified nucleotide, the diameter of the sphere is propor-
tional to the degree of variability (4 classes are shown).
Figure 4A shows the global distribution of Nm residues in
human rRNA. The ribosomal A site contains the highest
number of Nm nucleotides and many of them display sub-
stantial variation. In contrast, the E site (visible by position of
tRNA in the structure) is only sparsely modified. With very
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circles. For display convenience, only variable and highly variable Nm residues are labelled using the conventional numbering. Highly variable modified nucleotides
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the structure displayed in panel C are proposed (two side views, one bottom and one top view). To provide orientation landmarks, highly variable Nm positions are

labelled.

few exceptions, stable and low variable residues are located
rather close (or in) to PTC and DC, while variable and highly
variable residues are almost excluded (Figure 4B). Only two
variable residues 185-Cm1272 and 28S-Am3739 are in a close
proximity to the DC. The ribosome surface at the access cleft
to the A site is relatively rich in Nm modifications, and 6 of
them show substantial variability (positions 28S-Cm2352,
285-Cm2848, 285-Gm2863, 285-Gm4588 and 28S-Um4590,

see Figure 4A). Inspection of the 3D structure of the large
ribosomal subunit (LSU) points out that the PTC itself is
relatively poor in Nm residues, but a number of stable and
low variable modifications are located in its immediate sur-
rounding, including also 4 variable positions (Figure 4B). The
most variable Nm in 18S rRNA are located at the surface of
the SSU, this is also the case for variable and highly variable
locations in 28S rRNA/LSU.
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Mapping of positively and negatively correlating Nm
nucleotides to 3D ribosome structure shows that the majority
of Nm positions showing anticorrelation with the others
(group Al, in red, Figure S5) are located in the proximity of
the A-site and PTC, as mentioned above, some of these anti-
correlating Nm positions are also most variable. Four antic-
orrelating Nm residues in 18S rRNA are at the extremities of
the SSU and well accessible to interactions.

Cumulative variability map of human rRNA modifications

Finally, in order to get better insights into the global varia-
bility of rRNA modification positions, maps for Nm residues
and our recently published observations on variable y levels
in human rRNA [32] have been merged together. Since sam-
ples included into datasets were different, this comparison
does not allow a thorough analysis of a direct correlation
between Nm and v level variations, but rather to have an
overview of the proximity for intrinsically stable and variable
Nm and y residues, presented at the same scale. All, except
two (285-Am3739 and 18S-y1004) sites known to be impor-
tant for critical ribosome functions and located in a close
proximity to PTC, DC and intersubunit bridge, show only
very limited variability, pointing out that variations of such
vitally important rRNA modifications are not tolerated.
Visualization of these Nm and v residues on the 3D ribosome
structure (Supplementary Figure S8) confirms this observa-
tion. Ribosomal A-site is very rich in both Nm and y residues
and these types of rRNA modification are well clustered
together. Both variable and highly variable Nm and y residues
congregate in the A-site and DC, as well as in a close proxi-
mity of the PTC (Figure S8, right).

Discussion
Origins of the variability in rRNA modification profiles

The precise origin of variability for rRNA modification is still
poorly understood, mostly due to the extremely complex
regulation of snoRNA-guided rRNA modification machinery
in eukaryotic cells (reviewed in [12,33-35]). Indeed, the
expression of individual snoRNA guides (both C/D-box for
Nm and H/ACA-box for y) was shown to vary in different
human cell lines and also in response to treatments or stresses
(reviewed in [13,36-41]). In addition, the expression of pro-
tein catalysts involved in rRNA modification (fibrillarin, Fib
for Nm and dyskerin, DKC for v) is likely to be regulated
independently from snoRNA expression. Moreover, the effi-
ciency or steady-state level of rRNA modification may be
dependent on the stability of snoRNA/catalyst interaction,
on the presence of other structural non-catalytic proteins in
snoRNP, or on the efficiency of snoRNP complex assembly
[42,43]. All these factors are certainly important for the
observed outcome of rRNA modification in the living cell.
The majority of Nm sites (92/110 = 83.6%) falls into stable
and low variable groups (Table 1), but proportion in each
group depends on rRNA. Modifications of human 5.85 rRNA
are rather stable, while the proportion of variable and highly
variable sites is a bit lower in 18S rRNA (6/41 Nm) than in

Table 1. Number and classification of variability classes of Nm rRNA sites.

rRNA/variability class 5.85 rRNA 18S rRNA 28S rRNA
Stable (var <0.001) 1 17 20
Low variable (var <0.01) 1 18 35
Variable (var <0.1) 0 4 10
Highly variable 0 2 2
Total 2 41 67

28S rRNAs (12/67 Nm). In this study, we selected human cell
lines only grown under ‘standard/normal’ laboratory condi-
tions and not subjected to various types of stress or treatment.
It is likely that the variations we observed here represent only
a subset of more global and complex modulation of human
rRNA modifications which can be only detected under parti-
cular conditions. However, it is highly conceivable that altera-
tions in media composition (such as pH or ionic strength),
partial oxygen pressure, culture growth temperature or other
common laboratory variations may affect the rRNA modifica-
tion pattern. For instance, while hypoxia was shown to mod-
ulate rRNA Nm content at various locations [20], only one
Nm residue (28S-Cm?2848, catalysed by snoRD50A/B), shown
to be affected in hypoxia also shows variation in our data, the
others belong to stable or low variable groups.

Natural and pathological variability of rRNA modification

Modulation of rRNA modification profile was already
observed under various conditions and in relation to pathol-
ogy, mostly in different cancer types. The Nm content at
different rRNA sites varies in disease and can be artificially
manipulated by modulation of Fib expression. The rRNA Nm
profile observed upon Fib overexpression was not analysed by
RiboMethSeq, but in two independent studies, partial Fib
depletion was shown to preferentially affect the Nm content
of 28S rRNA, while 18S rRNA modification profile remained
relatively constant [6,7]. These results should be interpreted
with a great care, since Fib depletion is only transient and
partial, a more extensive or prolonged reduction of Fib level
was shown to be lethal for human cells. Moreover,
a preferential decrease of 285 rRNA modifications may result
from a differential stability or turnover of 18S and 28S rRNAs,
or, as it was also suggested, from inequal accessibility of the
modification sites during ribosome subunit assembly.
Globally, the list of Fib-sensitive rRNA modification sites
correlates rather well with the variability of Nm modifications
observed in different human cell lines. Only 28S-Am1858
(snoRD38A/B), 285-Am3703 (snoRD36C) and 28S-Um4276
(snoRD41) which are stable in our dataset, were found to be
decreased upon Fib-depletion [6,7]. Variable and highly vari-
able rRNA Nm modifications were also decreased upon tran-
sient Fib depletion. On the other hand, NPM1 deficiency was
reported to negatively affect the levels of 5 Nm residues (28S-
Cm1327, 285-Am3764, 285-Cm3866, 285-Um3904 and 28S-
Gm4198) [21]. Only 285-Cm1327 (snoRD104) in this list was
found to be highly variable in our dataset, other positions are
either stable or low variable.

Other relevant observations of rRNA modification altera-
tions come from analysis of cancer cells and tissues. In many
studies, deregulation of snoRNA expression was also



observed, and, in some instances, these variations were
directly correlated with modulated levels of Nm or  residues.
The most prominent disease-related correlations are 28S-
Cm2848/Gm2863 (catalysed by snoRD50A/B) which are
both increased in colon cancer [13,18], as well as 18S-
Cm1703 (snoRD43) and 18S-Gm1328 (snoRD32A) shown to
be affected in leukaemia [19]. In this study, both 285-Cm2848
and 285-Gm2863 were found to be rather variable in different
human cell lines, in contrast, both leukaemia-related 18S-
Cm1703 and 18S-Gm1328 belong to the stable and low vari-
able groups, showing a limited correlation between ‘natural’
and ‘disease-related” variations of rRNA modifications.
Strikingly, many of Nm sites in this disease-related list show
a negative correlation with the majority of human rRNA Nm
positions.

Recently, a RiboMethSeq analysis was applied to large
clinical cohorts of breast cancer tissues and diffuse large
B-cell lymphoma samples [26,27]. Since identical analytical
technique (albeit in different flavours) was applied in both
studies, the results can be compared almost directly. With
some noticeable exceptions, the degree of Nm level variations
in these two cancer types correlates well with variations,
observed here in human cell lines. This may be also related
to the fact that many cell lines used here are also either
immortalized or originate from different aggressive cancer
types. However, 285-Gm4593 (snoRD78) found to be variable
in cancer is almost stable in our dataset, the same observation
is made for 285-Cm4032 (snoRD75), 18S-Um1288
(snoRD110), 18S-Am27 (snoRD27), 185-Am1678 (snoRD82)
and 18S-Am668 (snoRD36A/B). In contrast, we found that
the 2'-O-methylation level of 18S-ym1326 (snoRD unknown)
and 285-Cm2791 (snoRD55) are variable in our selection,
while only little variations at these positions were found in
a large collection of breast cancer samples [26].

The variability of H/ACA-box snoRNA guides, and the
levels of the corresponding y residues was also noticed, and
in many instances were associated with cancer development.
For instance, snoRA24 is downregulated in hepatocellular
carcinoma [44] and the absence of snoRA24-driven y residues
(185-y609/863/1045) perturbs the aminoacylated-tRNA selec-
tion and pre-translocation complex dynamics.

While down- and up-regulation of snoRNA guides is very
well documented, the molecular mechanisms linking rRNA
modifications with the ribosome functions in translation still
remain obscure. A global reduction of Nm by Fib depletion
modulated the balance between cap-dependent and IRES-
driven initiation of mRNA translation [6], but the precise
function(s) of a given modified residue was not systematically
addressed. The residues 18S-Cm462 (snoRD14A/B/CDE),
28S-Cm4506 (snoRD35A/B), 285-Um?2824 (snoRD34) were
shown to affect protein synthesis [19], and belongs to the
stable and low variable groups in this study.

Inspection of the variability for modified residues known to be
located at the ribosome functional centres show that only a single
nucleotide in the variable group, 285-Am3739 (snoRD46), which
is located at the helix H69 hairpin loop and may influence tRNA
binding in the P-site [26], all the others show an extremely stable
modification level in all samples. This may indirectly reflect the
functional importance of rRNA modifications for ribosome

RNA BIOLOGY (&) 95

functions, and show that deviations from a constitutive rRNA
modification profile are not well tolerated.

Materials and methods
Selection of samples for RiboMethSeq analysis

Total RNA samples were extracted using TRIzol or column-based
extraction kits from ‘untreated’ cultures of human cell lines
cultivated under optimal/standard (recommended for a given
cell line) conditions. To avoid biases, variably treated cell samples
were systematically excluded, even when rRNA modification
profile was not visibly altered. RNA integrity was assessed by
Bioanalyzer 2200 RNA Pico Chip (See Supplementary Figure S1
for representative profiles). RIN numbers for samples are given in
the Supplementary Table S1. Substantial RNA degradation may
unpredictably affect RiboMethSeq analysis, so only few samples
with RIN number <8.0 were retained for further analysis.
However, RNA degradation seems not to be the primary source
of wvariability, since differently degraded RNA samples (see
HCT116 +/+ p53 R3/R4/R5) still give rather concordant results.
Correlation of cumulated 5'/3'-counts between samples of the
same cell type was inspected and samples with aberrant cleavage
profiles (related to uncontrolled RNA degradation prior to ana-
lysis and possible presence of contaminants affecting RNA clea-
vage) were excluded (min correlation coefficient of 0.85, see
Supplementary Figure S2AB). A complete list of retained
human cell lines is presented in Supplementary Table S1.

RiboMethSeq and bioinformatic analysis

RiboMethSeq analysis was performed essentially as described
previously [25,29] and bioinformatic analysis was done using +2
nt interval, as described in [31]. ScoreC2 (called here
MethScore) was used as a measure of Nm level at a given
nucleotide. The MethScore can display negative values for
unmethylated nucleotides and reaches 1.0 for fully methylated
positions. Correlation coefficients were calculated according to
Pearson, the analysis was performed using R packages Hmisc
and corrplot, the clusters ordered using the hclust option.

Visualization of the human ribosome and mapping of
modified positions

The PDB entry 6EKO describing the 3D structure of the
human ribosome in complex with the initiator tRNAM®' in
the E site was used to visualize modified positions in riboso-
mal RNAs [45]. All representations were drawn with PyMOL
2.3 (https://pymol.org/2/). The modified positions were repre-
sented using spheres, the geometrical centre of the nucleotide
corresponding to the centre of the sphere. For the sake of
clarity, only ribosomal RNA traces were displayed and ribo-
somal proteins were omitted from the representations.
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